Proteolytic processing is an irreversible post-translational modification functioning as a ubiquitous regulator of cellular activity. Protease activity is tightly regulated via control of gene expression, enzyme and substrate compartmentalization, zymogen activation, enzyme inactivation, and substrate availability. Emerging evidence suggests that proteolysis can also be regulated by substrate glycosylation and that glycosylation of individual sites on a substrate can decrease or, in rare cases, increase its sensitivity to proteolysis. Here, we investigated the relationship between site-specific, mucin-type (or GalNActype) O-glycosylation and proteolytic cleavage of extracellular proteins. Using in silico analysis, we found that O-glycosylation and cleavage sites are significantly associated with each other. We then used a positional proteomic strategy, terminal amine isotopic labeling of substrates (TAILS), to map the in vivo cleavage sites in HepG2 SimpleCells with and without one of the key initiating GalNAc transferases, GalNAc-T2, and after treatment with exogenous matrix metalloproteinase 9 (MMP9) or neutrophil elastase. Surprisingly, we found that loss of GalNAc-T2 not only increased cleavage, but also decreased cleavage across a broad range of other substrates, including key regulators of the protease network. We also found altered processing of several
central regulators of lipid homeostasis, including apolipoprotein B and the phospholipid transfer protein, providing new clues to the previously reported link between GALNT2 and lipid homeostasis. In summary, we show that loss of GalNAc-T2 O-glycosylation leads to a general decrease in cleavage and that GalNAc-T2 O-glycosylation affects key regulators of the cellular proteolytic network, including multiple members of the serpin family.
Proteases are tightly regulated hydrolytic enzymes that act to irreversibly and specifically cleave peptide bonds. In humans, over 560 proteases (1) exist that can be grouped into serine, cysteine, aspartic, metallo, and threonine endopeptidases based on their catalytic mechanism (2) . Endopeptidases constitute the second largest enzyme class and are the target of ϳ5-10% of drug therapies (3) (4) (5) . Proteases control activity, turnover, and localization of proteins, many of which are key signaling molecules or cytokines, and contribute to host defense or tissue invasion and exotoxin activity in infection, immunity, homeostasis, differentiation, migration, and cell cycle progression (5, 6) . Proteases are of particular importance in the extracellular space. Here, limited and specific proteolysis, but not complete degradation of targets, maintains a dynamic environment in response to changing conditions (5) . Such cleavages activate or inactivate proteins (7) , release receptors from the membrane surface (8) , and alter or even invert protein function (9 -11) .
Understanding the specific targets of a protease is crucial for determining its function. However, defining physiologically relevant protein substrates and cleavage sites for each protease is nontrivial. Protease substrates can be identified in vitro using biochemical assays and high-throughput screens, whereas yeast two-hybrid methods or immobilized inactive protease domains can be used to probe more complex exosite-driven interactions (5, 12) . Using these methods, homologous proteases often display broad and overlapping specificities, which are not necessarily recapitulated in vivo. This disparity arises because, in the cellular setting, protease activity is tightly regulated by control of gene expression; compartmentalization and sequestering of enzyme activity; zymogen activation and enzyme inactivation; substrate availability and specificity; and post-translational modification (PTM) 4 of the enzyme or substrate. For example, lysine methylation is reported to protect substrates from cleavage by the widely used endoproteinase Lys-C (13) . Another example is the positive and negative regulation of cleavage by caspase-3, -7, and -8 during apoptosis by substrate phosphorylation (14, 15) .
Substrate glycosylation is also suggested to alter substrate sensitivity to proteolysis. N-Glycans on subtilisin and matriptase have been shown to protect these proteins from proteolytic cleavage (16 -18) . Similarly, dense mucin-type or O-N-acetylgalactosamine (O-GalNAc) O-glycosylation (herein referred to as O-glycosylation) has long been proposed to nonspecifically shield proteins from degradation in the extracellular space (19) . However, it is increasingly apparent that individual O-glycosites present on substrates can also exert fine control over protease specificity. The first example of this was the inhibition of proprotein processing of pro-opiomelanocortin by O-glycosylation at Thr-45 (20 -22) . More recently, increased proprotein processing resulting from loss of O-glycosylation has been associated with familial tumoral calcinosis (23) and serum dyslipidemia (24, 25) . Such cross-talk between O-glycosylation and proprotein convertases may be a general phenomenon, as peptide assays indicate that O-glycans can inhibit cleavage by furin on multiple substrates (26) . Furthermore, regulation of proteolysis by O-glycosylation is not limited to an individual protease family, as shedding by members of the A disintegrin and metalloproteinase (ADAM) subfamily is also inhibited by site-specific O-glycosylation (27, 28) . Indeed, O-glycosylation of a growing number of substrates has been shown to alter their sensitivity to proteases of the aspartic (␤-secretase), serine (furin, chymotrypsin), or metallo (ADAMs and metalloproteinases (MMPs)) families, suggesting that cross-talk between these PTMs may occur independently of the mechanism of catalysis (29) . However, this does not indicate that O-glycosylation is an indiscriminate inhibitor of proteolysis. Indeed, glycosylation of specific Ser or Thr residues may generate disparate responses ranging from complete inhibition to activation even within the same protease family, as has been demonstrated in the case of ADAM proteases (28) . Moreover, in vitro peptide assays and cell-based reporter constructs support a model in which the O-glycan is located within or close to the binding cleft, and, at least in the case of furin, the closer the glycan is to the scissile bond, the greater its inhibitory effect (26) . Given that recent developments in MS, within our laboratory and others, have shown that over 85% of proteins transiting through the secretory pathway are likely to be O-glycosylated (30) , crosstalk between these PTMs could have widespread implications.
In the present study, we investigated the relationship between site-specific O-glycosylation and proteolytic cleavage of extracellular proteins. O-Glycosylation is unique, as it is initiated by a family of 20 N-acetylgalactosamine transferases (GalNAc-Ts), each of which displays a partly overlapping but distinct substrate specificity (31) (32) (33) . Although GalNAc-T enzymes have not been shown to respond dynamically to changes in the cellular environment to date, they display markedly different expression profiles between cell types and during differentiation (34 -36) . Thus, the same protein expressed by two different cells can be identical in sequence but differ in its O-glycosylation (37) (38) (39) . Given the emerging evidence that glycosylation can alter substrate sensitivity to proteolysis, we hypothesized that alternate site-specific glycosylation could be used to globally fine-tune protein sensitivity to proteolysis in a protease-and cell-specific manner. To investigate whether there was evidence for this hypothesis, we first performed a comprehensive bioinformatic analysis of known O-glycosylation sites with known proteolytic cleavage sites in the entire human proteome and found a significant association between O-glycosylation sites and cleavage sites. We next asked whether lack of a subset of O-glycosylation sites would alter the global proteolytic cleavage pattern, and if so, whether we could identify certain classes of proteolytic cleavage sites that were particularly affected. To address this question, we used a robust positional proteomic strategy, terminal amine isotopic labeling of substrates (TAILS) (40, 41) to identify cleavage sites in cells with and without GalNAc-T2 expression. GalNAc-T2 has been shown to be a major driver of O-glycosylation (42) , and several examples of interplay between GalNAc-T2-specific O-glycosylation and proteolytic cleavage have been described (27, 28, 43) , making GalNAc-T2 a prime target for this approach. With this strategy, we identified 189 proteolytic cleavage sites altered by the lack of a subset of O-glycosylation sites. We identified substrates where loss of O-glycans caused increased cleavage, indicating an expected shielding of the cleavage site, and, most unexpectedly, we also identified a second subset of substrates where loss of O-glycans caused decreased cleavage. Overall, our studies reveal that O-glycosylation can both decrease and also increase substrate cleavage.
Results

In silico identification of cleavage sites proximal to O-glycosylation sites
Despite evidence of cross-talk between GalNAc-type O-glycosylation and mainly proprotein convertases and ADAM metalloproteases, it is unknown which other proteases are subject to regulation by site specific O-glycosylation. Moreover, it is not clear to what degree site-specific O-glycosylation contributes to the overall substrate degradome of a particular protease. To address these questions, we first identified candidate proteases that targeted O-glycoproteins. We performed an unbiased insilico screen using the TopFIND knowledgebase (44) , the protein termini and cleavage site knowledge base, and selected proteases with well-defined degradomes (Ͼ40 cleavages in Ͼ20 proteins). We found that all proteases cleaved O-glycoproteins. However, the proportion of O-glycoprotein substrates varied from 2 to 69% ( Fig. 1A) . MMPs, neutrophil elastase, thrombin, plasmin, kallikrein, and proprotein convertases were among the proteases that targeted O-glycoproteins most frequently, with O-glycoproteins constituting Ͼ35% of their substrates.
Having identified a set of well-characterized proteases that were demonstrated to cleave O-glycoproteins, we next determined whether O-glycosylation occurred in the vicinity of the cleavage site. We found that on O-glycoprotein substrates, more than 25% of MMP (MMP3, -7, -9, and -14), neutrophil elastase, thrombin, and plasmin cleavage sites were flanked by O-glycans within 10 residues up-or downstream of the scissile bond. In many cases, flanking regions carried multiple O-glycosites ( Fig. 1B ). There was little evidence for prime or nonprime (N-or C-terminal) bias in O-glycosylation, and if multiple O-glycans were present, they were frequently located on both sides of the scissile bond. Given the abundance of O-glycosylation around this subset of cleavage sites, we next asked whether O-glycans were under-or overrepresented at specific positions. To achieve this, we conceptualized O-glycosylated amino acids as a unique amino acid, X, and assessed the frequency with which they occurred using heat maps (Fig. 1C ). Analysis was performed both with and without correction for protein disorder, as O-glycosylation and proteolytic cleavage occur more often in disordered loops (30, 45) . Similar results were obtained with both analyses; for simplicity, only disorder-corrected data are presented here. O-Glycosylation was overrepresented (p Ͻ 0.001) near MMP, neutrophil elastase, plasminogen, and thrombin cleavage sites. Interestingly, this overenrichment occurred at the majority of positions across the consensus sequence. Importantly, we did not find enrichment of O-glycosylation around caspase or proprotein convertase cleavage sites. In the case of caspases, this is expected, as this family of proteases are exclusively cytosolic. However, as shown in Fig. 1  (A and B) , proprotein convertase substrates are still O-glycosylated in up to 50% of the cases, with up to 25% in close proximity to cleavage sites, suggesting general functional cross-talk, as has been proposed previously (26) . Together, these results indicate that O-glycosylation occurs more frequently than expected around selected MMPs and selected serine protease cleavage sites.
Enrichment of N termini using TAILS
Although O-glycosites are enriched around a subset of extracellular protease cleavage sites, the functional effect of such co-localization cannot be predicted in silico. Therefore, to test the consequences of the observed association, we employed the well-validated TAILS (40, 41) positional proteomics approach to identify the N-terminome in cells with and without GalNAc-T2 expression (24) (Fig. 2) . To simplify the mass spectrometric analysis of the processed peptides, we used our pre- threonine residues in the human proteome were recoded as X (indicated by a yellow square), essentially treating these modified residues as unique amino acids. The cleavage site consensus for each protease family was then determined using heat maps produced by IceLogo version 2.1 (71) . To minimize sequence bias, cleavage sites listed in the TopFIND database were compared with a background of "psuedo-cleavage sites" generated by random sampling of the proteins listed in TopFIND. Statistically significant (p Ͻ 0.001) under-or overenrichment of each site is represented by red or green shading, respectively.
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viously described "SimpleCells" (SC) to secure a homogeneous O-glycoproteome (46) . In SimpleCells, the first step in elongation of O-glycans is prevented due to elimination of the core 1 ␤3-galactosyltransferase-specific molecular chaperone (COSMC; C1GALT1C1). The inactivation of COSMC results in truncation of O-glycans, creating cells expressing only a simple O-glycan, the "Tn" antigen, composed of a single GalNAc monosaccharide attached to Ser/Thr residues. Using this approach, we identified 5,436 unique peptides corresponding to 1,358 proteins. In total, 2,131 unique N termini were identified with an FDR Ͻ 1.0% (Fig. 2B ). 94% of unique peptides identified in the TAILS sample had blocked N termini (dimethyl-labeled, acetylated, or pyroglutamate), indicating efficient TAILS enrichment; of these peptides, 1,981 (93%) could be mapped to a unique accession in the SwissProt database, allowing determination of their positional identity. Of all of the peptides identified with a blocked N terminus, 83% carried an N-terminal dimethyl label, indicating that these peptides represented natural protein N termini or neo-N termini generated by protease cleavage. 11% of N termini peptides carried an acetyl group, and 12% of peptides mapped to natural N termini (either the initiating Met or position 2 of the canonical sequence), of which 79% were acetylated. A small proportion of acetylated N termini were located further within the protein, probably representing alternate start sites or post-translational acetylation after proteolytic processing (47) ( Fig. 2C ). We did not consider further internal peptides that initiated with an Arg in P1Ј and also did not exhibit a dimethylated N terminus, as these would have been generated after tryptic cleavage with ϳ4 -6% carrying through after polymer pull-out ( Fig. 2A) . Assessment of the P1 position for all identified N termini illustrated further differences from previous reports, as the P1 position was dominated by Arg ( Fig. 2D ). It is important to note that these were not due to tryptic cleavage in sample processing, as the identified pep-
Figure 2. Glyco-TAILS workflow for analysis of the interaction between limited proteolysis and O-glycosylation.
A, glycoengineered HepG2 cells lacking the galactosyltransferase-specific molecular chaperone C1GALT1C1 (SC) and the O-glycosyltransferases GALNT2 (SC⌬T2) were subjected to N-terminal enrichment using TAILS. Unfractionated proteins were harvested from conditioned supernatant and subjected to in vitro cleavage using exogenous proteases. The free N termini of partially digested proteins (indicated in the left panel) were dimethyl-labeled to simultaneously block both endogenous and exogenously added protease-specific cleavage sites and to differentially label each sample. Samples were then combined and prepared for pre-TAILS shotgun-like MS by complete digestion using trypsin. The exposed amine groups of N termini generated by the trypsin digestion were removed by covalently coupling to a high-molecular weight polyaldehyde polyglycerol polymer. This allowed for selection via negative enrichment of blocked N termini (middle panel). Peptides were subsequently identified and quantified using high-resolution Orbitrap LC-MS/MS-HCD, combined with Proteome Discoverer version 2.1, and resultant data were analyzed in R using a purpose-built Glyco-TAILS workflow. B, counts of unique quantified proteins, peptides, and N termini pre-and post-TAILS enrichment in HepG2 SC. C, P1 prime position (the N-terminal amino acid of an identified N-terminal peptide) calculated from peptides identified in TAILS and mapped to a unique UniProt accession. Numbers indicate total group count. The graph is truncated at 1,500 on the ordinate axis. Termini identified at P1 or P2 were designated "natural"; the majority of these natural N termini were found to be acetylated (inset). D, abundance of amino acids at the P1 site for natural, acetylated, and N-dimethyl peptides, including (inset) IceLogo plot for peptides containing P1-Arg (p Ͻ 0.001).
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tides all had a dimethylated N-terminal ␣-amine. The consensus sequence of P1-Arg-containing peptides closely resembles the consensus sequence of proprotein convertases, probably indicating a high degree of endogenous serine protease activity ( Fig. 2D , inset).
Determination of O-glycan-dependent changes in MMP9 and neutrophil elastase substrates
Having validated our ability to identify the N-terminome, we next determined the quantitative changes in the N-terminome due to loss of GalNAc-T2 by performing TAILS on media from HepG2 SC and HepG2 SC without GalNAc-T2 (SC⌬T2) (SC versus SC⌬T2; n ϭ 3). Based on our in silico screen described above, we chose to investigate MMP9 and neutrophil elastase, representative members of the metalloprotease and serine protease families targeting O-glycosylated substrates with welldescribed and large substrate repertoires. Before we could interrogate the interaction with GalNAc-T2-mediated glycosylation sites, we first identified specific cleavage products after treatment with neutrophil elastase and MMP9 protease. After protease treatment of the cell supernatant with exogenous proteases, we identified 123 putative neutrophil elastase and 68 putative MMP9 protease-specific peptides in this data set ( Fig.  3B ) (48, 49) . Comparison of these N termini with those reported in the TopFIND database indicated that the majority of sites were novel. However, a small subset had been previously described. In these cases, there was good agreement between TopFIND and our study with 5 of 5 putative MMP9 sites and 3 of 6 putative neutrophil elastase sites previously reported as cleaved by MMP9 and neutrophil elastase, respectively (Fig.  3C ). The agreement between these data sets is striking, given the disparate samples analyzed and the relatively small number of documented MMP9 and neutrophil elastase substrates. To determine whether there was evidence for functional interaction between neutrophil elastase or MMP9-specific cleavage and site-specific O-glycosylation, we next assessed whether the protease-specific N termini identified were affected by loss of GalNAc-T2 ( Fig. 3D and Table 1 ). For this purpose, we calculated significant ratio cut-offs using the experimental variation of the internal tryptic peptides. From this analysis, we defined five quantitative categories of peptides that changed in SC⌬T2: peptides specific to SC⌬T2 cells (I); peptides significantly increased in SC⌬T2 cells (II); peptides unchanged in SC⌬T2 cells (III); peptides significantly decreased in SC⌬T2 cells (IV); and peptides absent in SC⌬T2 cells (V) ( Fig. 3D ). We found 20 of the 123 (16%) candidate neutrophil elastase-specific sites to be significantly altered in SC⌬T2 cells (Table 1) . Of the sites affected by loss of GalNAc-T2, 14 (70%) were found in known O-glycoproteins. Seven of the 20 sites (35%) were located within O-glycosylated regions, hinting at the possibility of a direct interaction between O-glycosylation and cleavage. To graphically depict the detected changes in cleavage across individual proteins, we constructed cleavage maps showing the localization and quantitation of individual peptides (Fig. 4A ). These cleavage maps provide a method for visualization of the distance to known O-glycosites and illustrate the quantitative changes in pre-TAILS samples for each protein.
The substrates in which sites were affected by loss of GalNAc-T2 included glypican-3, reelin, ␣-2-HS-glycoprotein (fetuin-A), tissue inhibitor of metalloproteinases 1 (TIMP1), aminopeptidase N (AMPN), complement C3, and complement C4. Altered cleavage at the detected sites would be expected to have functional effects, such as protease shedding (AMPN), protein maturation (fetuin-A and reelin), or loss of activity (complement C3). There was also evidence that loss of Gal-NAc-T2 glycosylation affected neutrophil elastase-associated cleavages with no known glycosylation in the region, as observed in ␣ 2 -macroglobulin, carboxypeptidase E, and inter-␣-trypsin inhibitor heavy chain H3 (ITHI3). However, the majority of changes observed in the neutrophil elastase-treated samples were found when considering the P1-Arg-containing peptides, resulting from indirect effects, such as changes in the interconnected network of proteases known as the protease web (5) (Fig. 3E ). For example, 78-kDa glucose-regulated protein (HSPA5) and mannosyl-oligosaccharide 1,2-␣-mannosidase IA (MAN1A1) exhibited such effects. In contrast to neutrophil elastase, only 68 peptides (lacking a P1-Arg) were found to be specific to the MMP9 treatment group (Fig. 3E ). Just three of the 68 MMP9 targets with glycosylation in close proximity to the cleavage site were found to be significantly changed with altered GalNAc-T2 O-glycosylation, suggesting a lack of major interaction between GalNAc-T2 and MMP9 in SCs (Fig. 3E) . However, these results should be interpreted with caution, as our application of stringent quality cutoffs filtered out a large number of low-confidence MMP9 data points, including some potential bona fide targets. Peptide maps of proteins exhibiting potential direct, distal, and indirect changes in neutrophil elastase-specific cleavage are shown in Fig. 4 .
Changes in the cellular N-terminome with loss of GalNAc-T2
Having determined the cleavage pattern after MMP9 and neutrophil elastase treatment in cells with and without Gal-NAc-T2 dependent O-glycosylation, we next assessed the effect on endogenous protease activity. We therefore reanalyzed the data, removing protease treatment as a factor, thereby allowing determination of treatment-independent cleavage events. In total, 189 peptides were found to be significantly changed with deletion of GalNAc-T2. 40 (21%) of the changed peptides were found to reside in known O-glycosylated regions. Furthermore, 57% of significantly altered substrates were known O-glycoproteins, and substrates were significantly more likely to be O-glycosylated than proteins with unaltered N termini (p Ͻ 2.2eϪ16, odds ratio ϭ 5.7, 95% confidence interval 5.0 -6.6). Similar to neutrophil elastase-specific targets, the majority (173; 92%) of endogenous cleavage products were found to be decreased or absent in SC⌬T2 cells, indicating that loss of GalNAc-T2 decreases cleavage of these targets. Complete data, including treatment-specific effects, are illustrated using cleavage maps in Fig. S1 . By substrate winnowing to identify high-confidence targets, 62 cleavage sites in 50 substrates were identified as alternately processed in SC⌬T2 cells ( Table 2 ). The most marked change in these data sets was in the hepatocellular carcinoma marker, glypican-3 (50) , which was entirely absent in SC⌬T2 cells. The extracellular protein matrilin-3 also displayed substantial changes with loss of GalNAc-T2, as all three identi-
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fied N termini (PGR2 51 RPSPAAPD2 59 GAPA 63 SG 65 T 66 S and VSR2 109 IID) were absent in SC⌬T2 cells (where bold highlights possible glycosylation site). In both cases, N termini were found both distal and juxtaposed to O-glycosites. With the exception of matrilin-3 and glypican-3, all other proteins exhibited only localized changes with loss of GalNAc-T2 (when multiple cleavage sites were identified). For example, five cleavage regions were identified in angiotensinogen. However, GalNAc-T2-specific changes were only identified at KVL2 182 SAL2 185 QAV. These results suggest that loss of GalNAc-T2 does not alter total protein stability, but rather regulates limited proteolysis in a site-specific manner. In agree- The majority of N termini are identified in more than one treatment group. However, a subset of high-confidence peptides is unique to cleavage with either MMP9 or neutrophil elastase ("treatment-specific cleavage events"). C, IceLogo plots showing the consensus sequence of treatment-specific cleavage events, by comparing amino acid frequencies of treatment-dependent and treatment-independent N termini (p value Ͻ 0.001). Previously reported MMP9 and neutrophil elastase-specific sites that are also identified in this study are listed beside the corresponding IceLogo plots. D, quantitation and distribution of N termini from SC⌬T2:SC experiments (both with and without added proteases). Dotted lines indicate quantitative category thresholds as follows. I, peptides specific to SC⌬T2 cells (KO only); II, peptides significantly increased in SC⌬T2 cells (increased in KO); III, unchanged peptides (no change); IV, peptides significantly decreased in SC⌬T2 cells (decreased in KO); V, peptides absent in SC⌬T2 cells (absent in KO). Peptides identified in a single channel are arbitrarily assigned to the appropriate channel using an extreme quantitation ratio of 50:1 and therefore appear as separate peaks in I and V. E, count of significantly altered dimethyl-labeled N termini by treatment group. The total number of mapped peptides is indicated at the top right. Counts are separated into peptides with and without a P1-Arg.
ment with this finding, pre-TAILS peptides did not show significant changes in total protein (see "tryptic" peptides in cleavage maps in Figs. 4 and 5 and supporting material). Exam-ples of high-confidence targets are shown on peptide maps in Fig. 5A . These examples illustrate the occurrence of cleavage events and proximal, distal, and overlapping O-glycosites. In Table 1 High-confidence neutrophil elastase-and MMP9 -specific sites significantly altered in SC⌬T2 cells For each protein, the following information is provided in the respective columns: protease treatment, P1Ј position, primary sequence surrounding the cleavage site, median quantification of T2 KO/WT ratio, number of times the peptide was quantified, and previously reported GalNAc-T2-specific glycosites. Residues in boldface red type are known O-glycosites, and red stretches are reported to be O-glycosylated, but without the exact site known. The underlining denotes the sequence of individual peptides identified. Table 2 High-confidence endogenous cleavage sites significantly altered in SC⌬T2 cells By substrate winnowing high-confidence targets was identified. 62 cleavage sites in 50 substrates were identified as alternately processed in SC⌬T2 cells. For each protein the following information is provided in the respective columns: P1Ј position, primary sequence surrounding the cleavage site, median quantification of T2 KO/WT ratio, number of times the peptide was quantified, and known glycosylation status (where Y is yes and N is no). Residues in boldface red type are known O-glycosites, and red stretches are reported to be O-glycosylated, but without the exact site known. The underlining denotes the sequence of individual peptides identified.
contrast to the majority of detected cleavage events, three proteins (i.e. serrotransferrin, heat shock protein 90-␣, and prothrombin) exhibited increased cleavage in SC⌬T2 (Fig. 5B ). The two cleavage sites ( 192 TVAM 196 TPR 2 199 SEG2 202 SSV) (where bold highlights possible glycosylation site) identified on prothrombin were found to be closely flanked by O-glycosylation sites at Thr 192 and Thr 196 . Cleavage at TPR2 199 SEG is performed by thrombin and is associated with altered prothrombin activation (51, 52) , and we have previously demonstrated that O-glycosylation in this region alters the sensitivity to thrombin in peptidic assays (38) . Interestingly, GalNAc-T2-specific glycosites in thrombin have previously been detected from both human and rodent samples (25) , further suggesting a role for GalNAc-T2 in thrombin function. A similar protection from cleavage was also evident around signal peptide sites, with a surprising number of changes detected in this region (Fig. 5C ). Importantly, these changes are not due to loss of a protective effect at the signal peptide processing site, as there is no evidence of O-glycosylation occurring in this region. Cleavage maps summarizing GalNAc-T2-dependent quantitative changes per protein are available in Fig. S1 .
GalNAc-T2-induced changes in regulators of lipid homeostasis
Loss of GalNAc-T2 has recently been associated with decreased levels of high-density lipoprotein cholesterol (25) . It has been shown that GalNAc-T2 directly glycosylates Apolipoprotein C-III (apoCIII), angiopoietin-related protein 3 (ANGPTL3), phospholipid transfer protein, and others. This glycosylation is proposed to affect the function of these proteins and thereby regulate HDL levels. For ANGPTL3, it was demonstrated that glycosylation inhibited proteolytic cleavage (29, 43) , and we therefore hypothesized that we could use TAILS to detect ANGPTL3 and to find evidence for GalNAc-T2 glycosylation of additional regulators of lipid homeostasis. Whereas neither apoC-III nor ANGPTL3 peptides were identified in our data set, signal peptide cleavage of phospholipid transfer protein was increased in SC⌬T2 cells. Using TAILS, we were also able to monitor the processing of several major apolipoproteins. No substantial changes were detected in apoA1. However, we found processing of the central repeat regions of apoE and apoH to be altered by loss of GalNAc-T2 at low frequency (ϳ1% of total cleavage events). In agreement, processing did not differ between SC and SC⌬T2 for either apoA1 or apoE 
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when assayed by Western blotting (data not shown). This suggests that GalNAc-T2 is a minor regulator of proteolytic processing of these proteins, potentially due to the distance of the modification from the cleavage site. Conversely, substantial changes were detected in the C-terminal region of apoB, for which there was a marked increase in tryptic peptides from SC⌬T2 supernatant from 2339 AKV. This indicates that loss of GalNAc-T2 alters the stability of the apoB C terminus. The apoB C terminus is required for binding to the lowdensity lipoprotein receptor and is therefore a major mediator of HDL uptake (53) . Furthermore, decreased cleavage of lipolysis-stimulated lipoprotein receptor, fatty acid synthase, and zinc-␣-2-glycoprotein (ZA2G) was found in in SC⌬T2 cells. Such altered processing of lipid-regulating proteins may contribute to the decrease in high-density lipoprotein cholesterol in a number of mammalian species carrying mutations in GALNT2 (25) .
GALNT2 deletion perturbs the protease web
To decipher why we observed a significant number of cleaved endogenous N termini peptides that were altered in SC⌬T2, we performed gene ontology (GO) term analysis on proteins containing significantly changed N termini. Strikingly, the five most significant GO terms were associated with the regulation of peptidase activity. Of the 26 proteins designated as regulators of proteolysis, six were serpins. Indeed, serpin domains were also found to be significantly enriched in a separate analysis of protein domains (FDR ϭ 1.46 ϫ 10 Ϫ6 ). We therefore hypothesized that dysregulation of serpins, some of which are key connectors of nodes within the protease web (54) , may explain many of the changes identified in the endogenous N-terminome. To determine whether this was the case, we used the STRINGdb with K-means clustering to identify whether there were potential interactions between alternately cleaved proteins (Fig. 5E ). The network was composed of 132 nodes with In contrast to the remainder of the cleavage events, loss of GALNT2 results in increased signal peptide cleavage for most of these proteins. D, relaxed K-means clustered network of proteins displaying altered proteolytic processing with loss of GALNT2. The network was generated using StringDB. Proteins associated with the term "regulation of peptidase activity" are highlighted in red.
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243 edges, representing a significant enrichment of interactions (clustering coefficient 0.701, p Ͻ Ͻ 0.001). Cluster analysis identified four potential functional groups formed by proteins involved in the unfolded protein response, glycolysis, and extracellular matrix organization. Interestingly, all clusters contained regulators of proteolysis, and the greatest number of connections were found for the three serpins antithrombin III, serpin H1, and ␣-1-antitrypsin, as well as ␣ 2 -macroglobulin, and the metalloproteinase inhibitor TIMP1, suggesting that these proteins are key regulators of the GalNAc-T2-dependent response.
Discussion
O-Glycosylation has previously been hypothesized to generally co-regulate proteolytic processing by blocking cleavage (28, 29, 55) . This is based on a number of studies with selected examples of site-specific O-glycosylation blocking specific cleavage sites (20 -23, 25, 27, 43, 55, 56) . Furthermore, classical studies have established that dense O-glycosylation provides protection and can confer stability to cell-surface proteins (19, 57) . In the current study, we have taken an unbiased and system-wide approach to test the interplay between O-glycosylation and proteolytic cleavage. Surprisingly, we find that loss of GalNAc-T2 activity in a SimpleCell predominantly leads to decreased cleavage of proteins (Fig. 3D) , whereas for a small number of substrates, the cleavage was increased. Furthermore, we observe changes in several central players of the protease web, including proteases and protease inhibitors, suggesting that loss of O-glycosylation leads to general changes in the protease network and hence changes in the proteolytic potential of the system.
In our study, we applied two orthogonal methods: an in silico screen and a glyco-degradomics strategy. Both approaches showed evidence for cross-talk and indicated that the effect of glycosylation was specific to the protease under investigation. From the in silico screen, we found that up to 35% of protease cleavage sites from the MMP protease family occurred in O-glycosylated regions. Furthermore, by TAILS, we found that loss of GalNAc-T2 impacted protein cleavage. However, surprisingly, loss of GalNAc-T2 also resulted in decreased cleavage with a ϳ13% decrease of endogenous N termini and a 32% decrease of the neutrophil elastase N-terminome without changing overall protein stability. Together, these data demonstrate co-localization of O-glycosylation and protease cleavage and show that changes in O-glycosylation markedly impact the N-terminome. The in silico model and experimental data are in agreement with prior in vitro studies, in which the closer the O-glycan resides to the scissile bond, the greater the impact on cleavage (26) . Furthermore, our findings demonstrate that O-glycans are systematically enriched around verified MMP and certain serine protease cleavage sites (Fig. 1) . Based on earlier studies demonstrating that O-glycans mostly inhibit cleavage, we expected increased proteolytic cleavage with loss of site-specific O-glycosylation due to knockout of GALNT2, yet we unexpectedly also observed a decrease in cleavage. However, increased processing of glycosylated substrates is not without precedent, as demonstrated for ADAM proteases using in vitro peptide assays (28, 58, 59) . Thus, it is possible that loss of O-gly-cosylation close to cleavage sites in some cases decreases cleavage and that this is a more common mechanism than previously understood.
The driving influence of protease exosites, substrate-binding sites outside the active site and often on ancillary exosite domains (60) , markedly improves the k cat /K m for many substrates. With our examples of enhanced cleavage in the vicinity of glycosites, proteases may bind sugar groups as a new class of glyco-exosite that can be regulated.
Another possibility is that the observed decrease in cleavage despite loss of GalNAc-T2 could be driven by perturbations in the protease network, caused by loss of O-glycosylation on proteins that are not substrates but regulators of proteolytic activity. The GO term analysis further favors this explanation, identifying peptidase activity as the most important term for the changed N termini.
Several technical limitations need to be taken into consideration. First, it should be noted that O-glycopeptide signals are often lost during MS analysis due to their low abundance and relatively poor ionization efficiencies (61) . The simple presence of a glycan will therefore alter the KO/WT ratio in cases where an O-glycan resides with high occupancy (Ͼ60%) on the identified neo-N-terminal peptide (i.e. on the prime side of the scissile bond). These cases must be carefully validated to establish that change in KO/WT is in fact due to change in proteolytic cleavage. In our TAILS experiments, these cases occur on ϳ16% of the significantly altered peptides; thus, it is unlikely that this accounts for any major part of the observed changes. Second, to reduce the complexity of MS analysis, we employed a SimpleCell approach. This ensures that all O-glycans are truncated, generating a more homogeneous O-glycoproteome. Therefore, we cannot at this stage exclude the possibility that glycan elongation will have additional or even opposite effects on the proteolytic cleavage events observed. Using TAILS to monitor changes in the N-terminome allows precision monitoring of cleavage events across a protein. The advantage of such a technique is that the combined effects of the protease web can be assessed in the cellular context. However, this also brings challenges in deconvoluting the underlying mechanisms. In particular, it can be difficult to distinguishing between changes due to loss of close-by glycosylation versus more indirect effects, such as perturbations in the protease network. Furthermore, our understanding of the O-glycoproteome is still hampered by lack of information of occupancy regarding individual O-glycosites; therefore, it is possible that we are overestimating the occupancy of a number of O-glycosites. Consequently, our in silico analysis, demonstrating significant overlap between protease cleavage sites and detected glycosylation, represents a possible rather than an established co-regulation between O-glycosylation sites and cleavage sites. In this context, it is important to note that GalNAc-Ts controlling O-glycosylation sites are differentially expressed in a temporal and spatial manner, and the occupancy of individual sites is therefore predicted to vary, not least for sites with potential regulatory functions (33) . Validation of individual targets is therefore important but may not be trivial. Although low-occupancy glycosylation sites can be of significant biological importance (62), they can be difficult to detect due to masking by the nonglyco-
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sylated pool of that protein and should therefore be addressed in relevant biological settings. Notwithstanding these caveats and technical limitations, our study uncovered a number of compelling findings and demonstrates that TAILS can screen for interactions between these PTMs and identification of novel GalNAc-T2 targets, and the data presented here will serve as a valuable entry point for follow-up studies of individual targets.
Importantly, TAILS aided in the prioritization of relevant GalNAc-T2 targets affected by processing, which has previously been difficult to achieve. Functionally relevant O-glycosites are difficult to identify due to the lack of information regarding stoichiometry of glycan occupancy. TAILS partly circumvents this issue, as it provides a quantitative readout for individual cleavage events. Indeed, using TAILS, we identified a number of processing events in regulators of lipid metabolism affected by GalNAc-T2 glycosylation. One identified target of TAILS was reelin. Reelin is a secreted glycoprotein that binds VLDLR and the APOER2 receptors with high affinity; it is required for correct neuronal migration and is implicated in the regulation of hemostasis and atherosclerosis (63) (64) (65) . Reelin was previously identified as a GalNAc-T2 target in human plasma (25) , and we found that cleavage of reelin at the N-terminal 184 TDV 187 TVHPH2 192 LAE and C-terminal QPF2 3026 VIS sites was decreased in SC⌬T2 cells. Cleavage at these sites resulted in loss of the N-terminal reeler domain and the conserved C-terminal domains from the central protein, which are required for downstream signaling in tissues (66, 67) . It is therefore of interest to determine whether the function of reelin is in fact co-regulated by GalNAc-T2 in vivo.
In conclusion, our data demonstrate the occurrence of a complex interplay between O-glycosylation and proteolytic cleavage, including cleavage events probably affected by nearby glycosylation as well as broad changes in the protease web. It is possible that O-glycans and proteases interact on multiple levels, as suggested by the extensive changes in the protease network of GalNAc-T2 KO SC cells. Further elucidation of the underlying mechanisms will require focused studies on target proteins and structural characterization of the impact of O-glycosylation on protease-substrate recognition and binding. Furthermore, much remains to be understood about the potential impact of this interaction. Whereas we detect differences in the response to neutrophil elastase, studies on additional proteases are required to fully understand the relationship between Oglycosylation, substrate specificity, and catalytic mechanism. Improved methods for validating candidate targets identified in TAILS screens are also required, as biochemical assays using recombinant proteins are not necessarily representative of protein processing in the cellular context, where surface charge and cofactors often play important roles, and design of the requisite assays is not feasible for a large number of candidate substrates. In summary, we show that utilization of in silico tools and TAILS can aid in the identification of cleavage events regulated by site-specific O-glycosylation. Our findings highlight that we are still far from truly understanding the co-regulatory role of O-glycosylation in proteolytic processing events, yet these results demonstrate that global approaches provide important information about the complexity of these systems and that such studies are needed to fully appreciate the interplay between these two PTMs. In addition, we have found an unexpected increase in some cleavage events associated with nearby glycans, which indicates complex binding interactions between substrate and protease to favor cleavage.
Experimental procedures
In silico screen
All analysis was performed using R. GalNAc-type O-glycosylation and protease cleavage site data were obtained from the glycodomain (68) and TopFIND (69) databases, respectively. Analysis was only performed on the canonical protein isoform as defined in the UniProtKB database. Cleavage sites for which the effector protease has not been described (those labeled as "nterm" in the TopFIND database) were discarded from the data set. Only proteases with well-defined substrate degradomes (Ͼ20 proteins, Ͼ40 sites) were included for further analysis. Disordered regions were defined by extracting disordered loops/coil predictions from the DisEMBL prediction server (70) . All analysis was restricted to human and murine species; no appreciable difference was noted when analysis was performed on a single species compared with when site data from both species were analyzed simultaneously.
Consensus sequence analysis
To assess whether O-glycosites were under-or overenriched, amino acid sequences were obtained for each protein in the filtered TopFIND data set, and known O-glycosylated Ser or Thr amino acids were recoded as X, thereby treating these modified residues as independent amino acids. For generation of the reference data set, 10 psuedo-cleavage sites were randomly sampled from each protein listed in the filtered TopFIND data set. The sequence window Ϯ 7 amino acids from P1Ј was identified using the canonical sequence from the UniProtKB database, and cleavage sites Ͻ21 amino acids from the N or C terminus of proteins were removed. As both O-glycans and proteolytic cleavage sites tend to residue in disordered regions, analysis was performed both with and without disorder correction. For disorder correction, only reference and experimentally derived cleavage sites residing within disordered loops/ coils were considered. IceLogo plots and heat maps were generated using IceLogo version 2.1 (71) , with a p value threshold of 0.001. Collagen and elastin substrates were removed from the MMP analysis, as the majority of these data originate from a series of focused studies, and the homogeneity of these target sequences resulted in the presence of confounding and highly dominant repetitive glycine residues. Due to the highly similar consensus sequences within protease subfamilies, proteases were analyzed as groups. Small differences in protease specificity were noted between highly homologous proteases; however, dominant trends were stable irrespective of the analysis approach.
Glycoengineered cell models
The hepatocellular carcinoma cell line HepG2 was used for all experiments. Cells were glycoengineered by targeted gene editing using zinc-finger nucleases as described previously (24) .
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Cells were cultured to 80% confluence in Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum. Cells were washed extensively with PBS and grown for a subsequent 24 h in phenol red-free and serum-free medium. Conditioned medium was harvested, and protease inhibitor was immediately added (1 mM phenylmethylsulfonyl fluoride). The medium was cleared of cell debris at 2,200 ϫ g for 5 min, followed by vacuum filtration through a 0.45-m membrane, and proteins were concentrated using Amicon Ultra-15 centrifugal filters (3-kDa cutoff; Millipore). Cell lysates were harvested into 0.5 mM EDTA/PBS with 1 mM phenylmethylsulfonyl fluoride and pelleted at 500 ϫ g for 15 min. Cell pellets were resuspended in 100 mM HEPES, pH 7.0, with protease inhibitor and lysed using a probe sonicator. Lysates were subsequently cleared at 4,200 ϫ g for 30 min, followed by filtration through a 0.45-m syringe filter. Both concentrated medium and cell lysates were subsequently dialyzed five times through Amicon Ultra-15 centrifugal filters (3-kDa cutoff; Millipore) using 100 mM HEPES, pH 7.0, to remove free amino acids (as a source of primary amines). Protein concentration was then measured by a bicinchoninic acid assay (Pierce), and samples were adjusted to 1 or 2 mg/ml. All procedures were performed at 4°C, and resulting samples were stored at Ϫ80°C until further use. For protease cleavage, 1 mg of total protein was treated with 4-aminophenylmercuric acetate-activated MMP9 (1:100 w/w) or neutrophil elastase (1:500 w/w), in HEPES buffer, pH 7.0, supplemented with 150 mM NaCl and 10 mM CaCl 2 for 16 h at 37°C.
N-terminal peptide enrichment
Protease-treated samples were immediately prepared for N-terminal enrichment as follows. First, samples were denatured in 4 M guanidine hydrochloride at pH 8.0, reduced with 5 mM DTT for 1 h at 65°C, and subsequently alkylated with 15 mM iodoacetamide for 30 min at room temperature in the dark. Samples were then adjusted to pH 6.5 for optimal dimethylation. Primary amine groups were labeled by the addition of 40 mM 12 CH 2 -formaldehyde (light, ϩ28 Da) (Sigma) or 13 CD 2 -formaldehyde (heavy, ϩ34 Da) and 20 mM NaBH 3 CN. Reactions were incubated overnight at 37°C and then quenched with 100 mM ammonium bicarbonate (pH 7.0) for 1 h at 37°C. Excess cyanoborohydride was then decomposed by acidification below pH 2.5 using TFA and incubation for 1 h at 37°C. Samples were then combined and precipitated by chloroform-methanol precipitation and reconstituted into 50 mM HEPES, pH 8. Proteins were then prepared for shotgun analysis by overnight digestion with sequencing grade trypsin (Roche Applied Science; 1:50 (w/w)) at 37°C. Complete digestion was confirmed by 4 -12% SDS-PAGE and Coomassie staining, and a pre-TAILS aliquot was saved for subsequent LC-MS analysis of total protein. Finally, TAILS enrichment was performed by negative selection using a hyperbranched polyglycerol polyaldehydederivatized polymer (HPG-ALDII, from Flintbox, track code 08-038) to covalently bind free primary amines generated during tryptic digest. The samples were first adjusted to pH 6 -7, 20 mM NaBH 3 CN was added, and then samples were incubated overnight with a 5-fold excess of HPG-ALDII polymer to peptide (w/w) to ensure complete coupling of all trypsin-generated, internal peptides. Unbound peptides were then separated from the high-mo-lecular weight polymer by filtration through a 3-kDa centrifugal filter, and when concentrated to ϳ100 l, the polymer was further washed using 0.2 ml of 100 mM ammonium bicarbonate, the flowthrough fractions were combined, and the polymer with coupled tryptic peptides was discarded. The eluted free N termini were desalted and concentrated on C-18 StageTips for MS analysis.
In-line liquid chromatography and mass spectrometry analysis
EASY-nLC 1000 UHPLC (Thermo Scientific) interfaced via nanoSpray Flex ion source to an Orbitrap Fusion MS or LTQ-Orbitrap Velos Pro spectrometer (Thermo Scientific) was used for analysis as described previously (72, 73) . Briefly, the nLC was operated in a single analytical column set up using PicoFrit Emitters (New Objectives, 75-m inner diameter) packed in-house with Reprosil-Pure-AQ C18 phase (Dr. Maisch, 1.9-m particle size, 19 -21-cm column length). Each sample was injected onto the column and eluted in a gradient from 2 to 20% B in 95 min, from 20% to 80% B in 10 min, and 80% B for 15 min at 200 nl/min (solvent A, 100% H 2 O; solvent B, 100% acetonitrile; both containing 0.1% (v/v) formic acid). A precursor MS1 scan (m/z 350 -1,700) of intact peptides was acquired in the Orbitrap at the nominal resolution setting of 30,000 for Velos Pro and 120,000 for Fusion, followed by Orbitrap HCD-MS2 of the five most abundant multiply charged precursors in the MS1 spectrum; a minimum MS1 signal threshold of 50,000 was used for triggering data-dependent fragmentation events. Supplemental activation of the charge-reduced species was used in the electron-transfer dissociation analysis to improve fragmentation. A 1-min dynamic exclusion window was used to prevent repeated analysis of the same components.
Data analysis
Raw data were analyzed using Thermo Scientific Proteome Discoverer version 2.1 software and searched against the UniProt KB/SwissProt-reviewed database downloaded on July 8, 2010, containing 20,212 entries. An additional fasta file containing contaminants obtained from a common repository at the Max Planck Institute was included in the search. HCD data were searched using the SEQUEST HT node in PD 2.1. In all cases, the precursor mass tolerance was set to 10 ppm and fragment ion mass tolerance to 50 millimass units. Carbamidomethylation (ϩ57,021 Da) of cysteine and dimethyl labeling (light, ϩ28,031 Da; heavy, ϩ34,069 Da) of lysine were set as static modifications. Dimethylation of the protein N termini, acetylation of protein N termini (ϩ42,011 Da), formation of pyroglutamate on peptide N termini (ϩ17,027 Da), and methionine oxidation (ϩ15,996 Da) were considered dynamic modifications. The search was conducted using semispecific trypsin cleavage with up to two missed cleavages. All spectra were searched against nondecoy and decoy databases to allow calculation of the false discovery rate. Afterward, Percolator was used to calculate the local false discovery rate, and a threshold FDR of 1% was applied at the peptide level. Data were subsequently analyzed with R. The technical variance was measured by comparison of two identical nontreated samples (Fig. 3) . The samples were differentially labeled and compared using TAILS; in the ideal scenario, quantitation of the two fractions should result in a heavy/light ratio of 1.0 for all quantified N-terminal peptides. A deviation from this ratio represents the technical error associated with TAILS enrich-
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ment and quantitation by LC-MS/MS. From this analysis, 98% of peptides were quantified with a Ͻ2-fold change (H/L ratio range log 2 Ϫ0.73 to 0.21), indicating good technical replication. Subsequently, changes in stability and/or secretion of individual proteins were assayed by comparing the pre-TAILS samples consisting of nonenriched tryptic peptide from the different cell sources. The peptide dimethyl ratios of the internal tryptic peptides were combined by sample type and used to define significant outlier cut-offs by box-and-whisker plot analysis using the BoxPlotR tool (74) as described previously (75) (coefficient ϭ 1). Final log 2 upper and lower threshold values were 1.52 and Ϫ1.69, respectively. These results are in agreement with previously reported lower limits of detection for dimethyl quantitation and TAILS experiments (11, 76).
Peptide maps
Data for proteins containing quantified N termini were subsequently mapped onto protein schematics using R to produce a peptide map summarizing total quantitation from all experiments. These barcodes provide a visual method for assessing the changes detected in each treatment group. Two separate analyses were performed to obtain these data; as MMP9 -and neutrophil elastase-specific effects were only a small portion of the total data set, the analysis was repeated by combining all experimental groups to generate treatment-independent quantification. These data are represented by the "shotgun" and "all" rows in the peptide map.
Substrate winnowing
Correctly mapped peptides designated as outliers were subjected to a substrate-winnowing process to separately identify protease-dependent and -independent targets. Only peptides identified in at least two spectra were considered, and peptides identified with variable N termini forms (e.g. a peptide identified with both an N-terminal dimethyl and N-terminal pyroglutamate label in the same sample) were excluded due to the uncertainty in quantitation of these species. In cases where multiple spectra support the quantification of a single species of peptide, quantifications were merged by summing the total quantification areas (as determined by Proteome Discoverer) for each channel, and the ratio of the two was used as the quantification ratio (Fig. S2 ). Protease-independent targets were defined as outlier peptides identified across multiple treatment groups, whereas protease-dependent targets were defined as high-confidence targets uniquely identified in that treatment group. Peptides quantified only in one channel were only accepted for further consideration if they were identified by at least two high-quality spectra. Such peptides were deemed singlets and assigned a ratio of 1:50 based on the channel in which they were identified. Of the remaining peptides, ϳ50% of treatment-independent and 65% of treatment-dependent (MMP9 or neutrophil elastase) substrates were known O-glycoproteins. Substrates passing these quality checks are listed in the candidate peptide tables (Tables 1 and 2) . GO term analysis of protease substrates was performed using the DAVID (78), Gorilla (79), and REVIGO (80) tools. Network effects were assessed with STRING (81). All analysis was performed using unchanged proteins identified in HepG2 cells during TAILS as the reference data set.
